Electrodeposition of copper on activated carbon fabric was conducted in an attempt to promote the capacitance of the carbon fabric employed as electrodes in electrochemical capacitors using KOH solutions as the electrolyte. The deposition was conducted in CuSO 4 for different lengths of time at a current density of 0.25 mA cm Ϫ2 , and this was followed by thermal oxidation that was found to be essential for capacitance enhancement. The capacitance was shown to increase with the degree of deposition and passed through a maximum at a deposition time of 4 h, at which a Cu content of ca. 6 wt % with a capacitance enhancement of ca. 40%, e.g., from 114 to 163 F g Ϫ1 , was achieved. The capacitance enhancement may partially result from the reversible redox transitions of Cu in the presence of OH Ϫ ions. The Cu-deposited fabrics exhibited an increase in capacitance at the early stage of charge-discharge cycling. Cyclic voltammetric measurements suggest that the capacitance increase may result from the formation of surface complexes that serve as centers for reversible redox reactions. The deposition with Cu resulted in the reduction of electrode resistance, while the leakage current was found to increase upon deposition. The results of the present study have provided a simple and economical means that can substantially enhance the capacitance of carbonaceous electrodes. Electrochemical capacitors ͑ECs͒ that store energy at the electrode/electrolyte interface have recently attracted considerable attention because of their high energy density nearly comparable to that of usual rechargeable chemical batteries.
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To attain the goal of high energy storage, i.e., high capacitance, porous electrodes that provide an extremely large surface serving as the electrode/electrolyte interface have to be used in the fabrication of ECs. Activated carbon that usually has a surface area larger than 1000 m 2 /g and acceptable electrical conductivity is generally used as electrode materials for ECs.
Although the large capacitance exhibited by the carbonelectrolyte system has been demonstrated to arise mainly from the formation of double layers, 5 pseudo-capacitance associated with the participation of heteroatoms in the surface redox-type reactions also has a considerable contribution to the total capacitance. [6] [7] [8] [9] [10] [11] [12] It is generally recognized that the larger surface area in carbon electrodes, the higher double-layer capacitance can be provided by the resulting capacitors. However, porous carbons have a ultimate BrunauerEmmett-Teller ͑BET͒ surface area around 3000 m 2 /g, [13] [14] [15] [16] [17] and it has been shown that not all the micropore surfaces created in carbon preparation are accessible for the formation of double layers. 5 Under this circumstance, increasing capacitance through introducing the redox-type mechanisms becomes an option alternative to changing the carbon pore structure.
A potential material with high pseudo-capacitance for ECs is capable of being oxidized and reduced reversibly between various oxidation states. 10, 18 The redox transitions of hydrous ruthenium oxide ͑denoted as RuO x •nH 2 O͒ with an amorphous structure are the most well-known species that have been found to possess good electrochemical reversibility. [18] [19] [20] However, ruthenium is too expensive to be utilized in the commercialized products. 1 Copper, a much cheaper transition metal, has been shown to possess good redox properties in many catalytic applications. [21] [22] [23] Deposition of copper on the huge surface of porous carbons may provide a economical means enhancing energy storage of the resulting electrodes via the redox transition of this metal.
Within the above scope the performance of ECs fabricated using activated carbon fabrics electrodeposited with copper is examined. The objective of the present work is to explore how copper deposition can affect the performance of a carbon electrode and to present a feasible and inexpensive method for capacitance enhancement. The prescription of optimum deposition conditions for maximizing the capacitance is also an expected outcome of the work.
Experimental
Preparation of electrodes.-Polyacrylonitrile-based activated carbon fabric supplied by Taiwan Carbon Technology Co., Taiwan, was used to fabricate the carbon electrode of the ECs in the present work. The fabric has a thickness of 0.4-0.6 mm. Electrodeposition of copper on the fabric was conducted at room temperature in a bath containing 0.5 M CuSO 4 aqueous solution, using a cathodic current density of 0.25 mA cm Ϫ2 . During the deposition, the potential of the carbon electrode increased from Ϫ0.17 to Ϫ0.10 V vs. Ag/AgCl in 0.5 h and stabilized afterward. The time for deposition was adjusted to range from 1 to 6 h. After deposition the fabrics were washed in distilled water and then dried in vacuum. Oxidation of these fabrics was conducted in oxygen at 250°C for 1 h to stabilize the deposited copper.
Characterization of carbon electrodes.-Physical characteristics of the deposited carbon fabrics were determined by N 2 adsorption at Ϫ196°C, using an adsorption apparatus ͑Micromeritics, ASAP 2010͒. Surface areas and micropore volumes of the carbons were determined from the BET and Dubinin-Radushkevich ͑DR͒ equations, respectively. The amount of N 2 adsorbed at relative pressure near unity was employed to determine the total pore volume, which corresponds to the sum of the micropore and mesopore volumes. 24 The average pore diameter was estimated according to the surface area and total pore volume, assuming that the pores are parallel and cylindrical.
Electrochemical measurement.-In electrochemical measurements KOH aqueous solutions of different concentrations were used as the electrolytes. Two-electrode cells were prepared to examine the capacitor performance. The electrodes consisted of 2 cm 2 carbon fabrics and stainless steel foils serving as the current collector. The cells were constructed with two facing carbon electrodes, sandwiching a piece of filter paper as the separator. The capacitance of the capacitors was measured by charging the capacitors to 0.6 V, followed by discharging to 0 V at a constant current. All the electrochemical measurements were conducted in an ambient environment, by soaking the cells in the prepared KOH solution. Cyclic voltammetric measurements of the cells were performed in a potential range of Ϫ0.6 to 0.6 V applied between the two electrodes. The rate of potential scan ranged from 0.5 to 5 mV s Ϫ1 .
Results and Discussion
Surface characteristics of the carbon fabrics.-The characteristics of the carbon fabrics are given in Table I , in which the original carbon fabric is designated as CF and the Cu-deposited fabrics, which have been oxidized at 250°C for 1 h, are designated using the nomenclature of CFCu followed by the number of hours for Cu deposition. The table shows that the Cu content has a proportional increase with the time for deposition. X-ray diffraction ͑XRD͒ study showed the presence of copper in the forms of Cu 0 , Cu I , and Cu II . The pore size distribution reflects the microporous feature of these carbon fabrics. The surface area and pore volume decrease slightly with the extent of Cu deposition. This indicates that the deposition of Cu on the carbon surface has hindered the access of N 2 to some of the micropores. However, the changes in pore structures caused by the deposition are, as matter of fact, not obvious.
Electrochemical performance of the resulting capacitors.-To illustrate the influence of deposition extent on the performance of constant-current charge and discharge of the resulting capacitors, Fig. 1 shows the typical potential-against-time curves of the CF and CFCu4 capacitors charged and discharged in 9 M KOH solution at a constant current of 1 mA. It can be seen that CFCu4 capacitor requires longer times for both charge and discharge, which indicates a higher electric capacity for CFCu4. Based on the results of charge and discharge operation, the specific discharge capacitance ͑C͒ of the electrodes in ECs can be calculated according to
where I is the discharge current, t the discharge time, W the mass of the carbon and Cu on an electrode, and ⌬E the potential difference in discharge, excluding the portion of IR drop. The factor of two comes from the fact that the total capacitance measured from the test cells is the addition of two equivalent single-electrode capacitors in series. Single-electrode capacitance is reported in the present work. The specific capacitances of different carbon fabric electrodes are calculated according to Eq. 1, and in Fig. 2 the capacitance data are plotted against the cycle number for the CF and CFCu4 electrodes in 9 M KOH solution. The data of the unoxidized CFCu4 ͑no thermal oxidation after Cu deposition͒ are also provided as comparison. The figure shows that the performance of CFCu4 is not as stable as that of CF at the early stage of the cycling ͑for cycle number less than 60͒. The capacitance of CFCu4 had a rapid increase upon cycling for cycle numbers less than 10, and this was followed by a slower increase before stabilization after ca. 60 times of cycling. The increase upon cycling is further discussed using the results of the cyclic voltammetric measurements. The oxidized Cudeposited fabric, i.e., CFCu4, has a higher capacitance than CF, while the capacitance of the unoxidized CFCu4 is seen to have a slight decrease upon Cu deposition. The decrease may be due to the effect of pore blockage by Cu. Obviously, oxidation to activate, as well as to stabilize, Cu on carbon surface is an essential step for 
may be, at least partially, responsible for the enhancement of capacitance. In order to avoid electrolyte depletion over the huge surface of the electrodes, the electrolyte concentration has to be high. 1 The influence of KOH concentration on the capacitance of CFCu4 is illustrated in Fig. 3 , showing that the capacitance, which is the stabilized value obtained at the 70th cycle, increases with the increasing concentration and becomes insensitive to concentration variation at concentrations higher than 9 M. Thus, KOH solutions of 9 M in concentration are used as the electrolyte in the following discussion.
To illustrate the effects of Cu content in the fabrics, the stabilized capacitance measured at 1 mA was plotted against the deposition time in Fig. 4 . The data show that the capacitance increases with the extent of deposition and levels off after 4 h of deposition. This reflects that the extra capacitance due to Cu loading, that might partially result from Reactions 2 and 3, increases with the amount of Cu, and after 4 h of deposition the coverage of Cu on carbon surface may have reached its saturation or the influence of pore blockage from the increased Cu deposition has become noticeable.
The oxidation temperature for copper stabilization was found to affect the capacitance of the electrodes. Figure 5 shows that the capacitance of CFCu4 in KOH increases slightly with the oxidation temperature. The increase may result from the promoted formation of linkages between copper and carbon through oxide formation. The increased population of oxygen-carbon complexes, which have been reported to promote the pseudo-capacitance of carbon materials, [26] [27] [28] may also be responsible for the capacitance increase. The maximum oxidation temperature examined here was 300°C, above which weight loss of the fabrics would occur due to carbon gasification. An oxidation temperature of 250°C was employed throughout this study, unless otherwise specified.
Potential sweep cyclic voltammetric measurements of the twoelectrode capacitors were conducted within a potential range of Ϫ0.6 to 0.6 V to analyze the electrochemical behavior of the electrodes. Figure 6a shows the typical voltammograms of the CF capacitor with different potential sweep rates. The performance of the capacitor was found to be stable, and faradaic current exhibiting as abrupt current increase was not observed in the voltammograms. The rectangular shape of the voltammograms indicates the unhindered motion of electrolytes in the micropores. By dividing the voltammograms by the scan rate and the weight of carbon used, specific capacitance vs. potential profiles were derived and the results are shown in Fig. 6b . 17 It can be seen that the capacitance values at the plateau of the profiles are similar for different potential sweep rates, although a slight decrease in the capacitance upon increasing the sweep rate can be found by close inspection. This indicates again that the resistance for electrolyte migration in the micropores can hardly control the double-layer formation mechanism within the range of the potential sweep rates applied. The steady capacitance values are also found to be in agreement with the stabilized capacitance shown in Fig. 2 for charge-discharge cycling experiments. Figure 7 shows the voltammograms of a Cu-deposited fabric, CFCu4, measured at different cycles with a fixed sweep rate of 1 mV s Ϫ1 . The first cycle shows the delay for the current to reach a horizontal value after reversal of the potential sweep. The delay is usually observed in the tests using porous electrodes that have a strong ohmic resistance for electrolytes moving along the axial direction of the pores. The resistance would combine with the existence of the distributed capacitance to cause the delay of current inversion. [29] [30] [31] It is very likely that the surface in micropores is not fully wetted at the initial stage, and this retards the motion of electrolytes and thus the current inversion. The delay of current inversion diminished after ten cycles of the voltammetric test, indicating the promoted ease of access of electrolytes into micropores. A corresponding increase in capacitance has been observed in the chargedischarge cycling shown in Fig. 2 . Upon increasing the cycle number of the potential sweep, faradaic currents increase their intensities for the anodic and cathodic currents near 0.05 and Ϫ4.5 V, respectively, and stabilize after sixty cycles of the potential sweep. The faradaic currents may result from the formation of surface complexes that would serve as the centers for reversible redox reactions. A corresponding capacitance increase due to the increase in the faradaic currents is also observed after ten cycles of the charge-discharge operation shown in Fig. 2 . The capacitance stabilized after sixty times of cycling, in agreement with the results of the cyclic voltammograms shown in Fig. 7 . However, what surface complexes would have formed during the early stage of cycling still remains unresolved. Carbonyl-or quinone-type functional groups are the possible candidates. 26 Exploration on this aspect will be a subject of additional research. The abrupt increase of the current near 0.6 V in the anodic region, which is not obvious in the voltammograms, can also be considered resulting from faradaic currents. Figure 8a shows the stabilized voltammograms of the CFCu4 electrode with different potential sweep rates. As expected from the results of Fig. 7 , obvious redox peaks were observed in all the voltammograms. However, one can observe the shift of the redox peaks with the change of the sweep rate. This indicates that the ohmic resistance for electrolyte migration in micropores has affected the energy storage mechanism, in which the charge stored is recognized to be distributed. [29] [30] [31] The increase in the induced current due to the increase in the sweep rate would have intensified the potential difference between the mouth and bottom of the micropores and thus resulted in the shift of the applied potential for the redox transitions. The profiles of capacitance vs. potential were derived in the same manner as for the CF electrode and the results for CFCu4 are shown in Fig. 8b . It is of interest to observe that the capacitance resulting from faradaic currents shows a decreasing trend with the potential sweep rate, while the sweep rate can hardly affect the double-layer capacitance that is exhibited as a plateau. This indicates that the diffusion resistance across the liquid-solid interface, or the intrinsic chemical interaction, for charge transfer to occur may have controlled the occurrence intensity of the faradaic currents. By comparing with the data in Fig. 6b for CF, it appears that the redox peaks cannot account for the entire increase of capacitance resulting from Cu deposition. Pseudo-capacitance associated with the redox transition reactions of Cu, such as Reactions 2 and 3, must have distributed over the entire potential range employed. This is not surprising since the heterogeneity of carbon surface would result in a distributed potential band for Reactions 2 and 3.
The stabilized capacitances of CF and CFCu4 obtained according to Eq. 1 at different discharge currents in charge-discharge cycling are shown in Fig. 9 . The capacitance decreases with discharge current, suggesting that the potential difference between the mouth and the bottom of the micropores increases with the current and results in the decrease in double-layer capacitance. The decrease is more obvious for CFCu4, and this must be related to the charge-transfer phenomenon across the electrolyte-electrode interface that has been proposed in discussing the results of Fig. 8b . The sudden potential drop at very beginning of the constant current discharge, i.e., the IR drop, was found to vary with the current. Figure 10 shows that the potential drop increases linearly with the current. This potential drop has been attributed mainly to the inner resistance of ion migration in carbon micropores. 15 The inner resistance is one of the intrinsic characteristics of the carbon electrodes, and this would lead to a proportional increase of the drop with the current. The results in Fig. 10 support this argument, and the linear relationship was used to estimate the inner resistance of the electrodes. The resistance was found to decrease with Cu deposition, with resistances of 14 and 7.8 ⍀ for CF and CFCu4, respectively. The decrease suggests that the deposition of Cu occurs mainly on the exterior portion of the pores, which would render a weaker migration resistance for electrolytes that are involved in the redox reactions for pseudo-capacitance. The addition of Cu to enhance the contact conductivity between fibers may also have contributed to reducing the IR drop.
The leakage currents of CF and CFCu4 capacitors charged at 1 mA were measured at 0.6 V floating as shown in Fig. 11 . The current deceased gradually with time from 1 mA to around 2 ϫ 10 Ϫ2 mA in 12 h. Sample CFCu4 has a higher leakage current than CF over the majority of the measuring period. The steady-state currents determined after 12 h of charge were 1.4 ϫ 10 Ϫ2 and 1.7 ϫ 10
Ϫ2
mA for CF and CFCu4, respectively. The steady-state current may be ascribed mainly to electronic current that results from irreversible decomposition of electrolyte components. The increase of leakage current suggests that the deposited Cu or oxygen functional groups may serve as active sites that catalyze the electrochemical oxidation/ reduction of carbon or the decomposition of electrolyte components. 26 
Conclusions
It has been demonstrated on the basis of the present work that the capacitance of polyacrylonitrile-based carbon fabric in KOH can be enhanced by electrodeposition with Cu, a feasible and inexpensive 
Figure 9.
Variation of specific discharge capacitance with discharge current for CF and CFCu4 electrodes (2 cm 2 ) charged at 1 mA to 0.6 V in 9 M KOH. method for capacitance enhancement. Oxidation to stabilize and activate the deposited Cu was found to be the essential step in this electrode treatment. The capacitance increased with the Cu content of the fabric and passed through a maximum at a content of ca. 6 wt %. Reversible redox transitions of the deposited Cu may partially be responsible for the capacitance increase. The Cu-deposited fabrics were less stable than the untreated fabric in the charge-discharge cycling, showing an increase in capacitance at the early stage of the cycling prior to stabilization. Cyclic voltammetric measurements indicated that the increase might result from the formation of surface complexes serving as the reversible redox centers. The ohmic resistance for ion migration in the micropores shows only a slight influence on the double-layer formation within the potential sweep rate range applied. However, the influence of the sweep rate on the pseudo-capacitance was found to be more prominent, indicating that the charge-transfer phenomenon should be considered as a factor in estimating the electrode capacitance. The inner resistance determined from the IR drop was found to decrease upon Cu deposition, while the leakage current increased. Due to 4 h electrodeposition with Cu at a current density of 0.25 mA cm Ϫ2 , the overall capacitance was found to have an increase of more than 40% ͑e.g., from 114 to 163 F g Ϫ1 at a current density of 0.5 mA cm Ϫ2 ͒. 
